














Xoos Mt vLop@/goz/xfoj

I é Whe g a i Cod Oy
Frd oo s L/Oi?/ Lol e



24
e
+ g,
- 5
¢ OKA) ¢
5 U s
By )
/)

"
0
" WL
0/ -
O;;M Aj;/} ?:mff
Q\mzw ; O : ? %
Vw/%%m j:ﬁa/\ Zwu%
- W@r'ﬂ %
Y4

mz
£
= X

Wy
SCMO W
W%Mf“w
%w& ﬁzj%h
0/ ) tan
5 64
o



/Z\ ORI On ﬁfw

Got podhthe . GX 1o

{, oy ouclacs



o W\ OV jﬂaﬂ/lcgf Can (e
MoudL bw C[/VQFOL/Q [AW#

M0 EXW@% W/féf(gl
Hhod

¢ & dipmd e mMESS
JN ound G @w% U1 G
. 9 B

s
W el ”%),J
s ouw s WDﬁ/l/‘/\ v ~long

O1Mn <X (o n

)




0 Fos davgt |7 amd Saald
pa[Af popho oA 2 cann bp
w«qﬁmjﬂﬂ JQ«J Ldanf O
LEFT
0o 2 doveafrd by confr b
Lrgan Dgbbor w@quoZ/) A
Tlues
On f WWA/& &1 V@

Fov rlC | Opeak Mot
N Sap NSNS RN

M b ach Q»SM&# fa)#%@
ﬁrﬂi hos e SA




L= oxp (Ve (n &%
%GJK@ACIJ
Sine L np=/ Crech wm o]
%&W% does not C patac.
maSher, pPihde; o, chaad
Luidd

T2 dwbal M oy proon 6]
o U~ polOwS ¢l v Aoty nof
%'\/{ (7 Lo W!ch%

Ob J/Uy/lﬂc@/w) udl, Yhal

o b Taglas sl @
- @BWY;A?[



(e N
—£fo) -3 Pefme )
+C§L(vm2)

CWW( QMA/WL
5 0 _ 1 d
ZZQJ - Dm’(%%
i<9z?lm>f



ViR

P ———

For a torus, V = Ly LyL3L,4, the partition function can be written in terms of a Fourier series!,

+00

Z(0) = Z explifv|Z,, (1.4)

V=—00

of Euclidean path integrals over gauge fields with fixed topological charge v = [ d'zw(z),

1 - ) "
Zy = / [dG][dq][dq) exp [— / d'z {ZGI‘,.,Gﬁ., + gy Dyuq — GrMqr, — QLM*qR}] . (15)

The latter can be formally further evaluated by performing the integration over the quarks,
taking into account the fact that the Euclidean Dirac operator 4, D, has |v| left-handed (right-
handed) zero modes, if the winding number is positive (negative) and that the non-zero eigen-
values occur in pairs (A,, —A,), resulting in

1. /
= 4, = a a v 2 i
Zy = /u[dG] exp [—/d T {4(?,“, ,lw}] (d}et M) Inl d}et (/\n + MM ) : (1.6)

for v > 0. Here, det; M stands for the determinant of the ny x ny mass matrix M, which with
a suitable choice of the quark-field basis, can be brought to a diagonal form with real positive
entries m,, mgy, ..., while the product occuring on the right hand side only extends over the
positive eigenvalues. For v < 0, the factor (det; M) is to be replaced by (det; M)~
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Couplings of axion to SM suppressed by bowérs of

fa =vpq/N > v =246 GeV
[Kim 79;Shifman,Vainshtein,Zakharov 80;Zhitni

rendering the axion ,invisible* 80;Dine,Fischler,Srednicki 81;...]

Photon coupling: CAA', = ? —1.92(4) [Kaplan 85;Srednicki "8

Nucleon couplings: [Grilli di Cortona et al.
Cap = —047(3) + 0.88(3)Cay — 0.39(2)C 44 — 0.038(5)C 45

—0.012(5)C' 4 — 0.009(2)C 4 — 0.0035(4)C 44 ,
Can = —0.02(3) + 0.88(3)Caq — 0.39(2)C 4, — 0.038(5)C 45
—0.012(5)C'4¢ — 0.009(2)C 4p — 0.0035(4)C 4,
Electron coupling very model-dependent
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[AR,Rybka,Rosenberg in PDG RPP 2018]
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Spectrum of Dirac operator and role of winding number in QCD

H. Leutwyler and A. Smilga*
Institute for Theoretical Physics, University of Bern, Sidlerstrasse 5, CH-3012 Bern, Switzerland
(Received 4 August 1992)

We show that very general considerations based on the properties of the partition function of QCD al-
low one to extract information about the eigenvalues of the Dirac operator in vacuum gauge fields. In
particular, we demonstrate that the familiar suppression of field configurations with a nontrivial topolo-
gy occurring for small quark masses is a finite size effect which disappears if the four-dimensional
volume V is large enough. The formation of a quark condensate is connected with the occurrence of

small eigenvalues of order A, =< 1/V.

PACS number(s): 11.15.Tk, 11.30.Qc, 11.30.Rd, 12.38.Aw
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